Abstract: This paper deals with a thermo-responsive poly(N-isopropylacrylamide) (NIPA) gel containing a polymeric surfactant poly(2-(methacryloyloxyl)decylphosphate) (PMDP) which shows rapid volume change above phase transition temperature at ca. 34 . Based on the measurements of dye-solubilization, it was suggested that intra-molecular micelles of the polymeric surfactant PMDP are inside NIPA gelnetwork. It is concluded that the intra-molecular micelles of polymeric surfactant involving NIPA chains may play crucial role in the rapid collapse of the NIPA-PMDP gel at the phase transition temperature.
INTRODUCTION
Poly(N-isopropylacrylamide) (NIPA) gel is a well-known thermo-responsive hydrogel and has attracted wide attention from either academic or technological aspects [1] [2] [3] [4] [5] [6] , since it shows an abrupt volume change at a phase transition temperature (ca. 34 ) 1) . The volume change due to the phase transition can be used in several promising applications such as drug delivery systems and actuators 4, 5) . Several strategies have been proposed to accelerate the rate of volume change of NIPA gels for higher performance of the above-mentioned applications [7] [8] [9] . NIPA gel also exhibits salt-tolerant water absorbency in the presence of surfactants with low molecular weight such as sodium dodecyl sulfate (SDS) 2) . The behaviors of NIPA gels in the solutions of other low-molecular-weight surfactants have also been studied extensively 10, 11) . Recently we reported a NIPA gel system containing a polymeric surfactant 12) . In the studies, poly(2-(methacryloyloxyl)decylphosphate) (PMDP, see ) was chosen as the polymeric surfactant. We initially anticipated to prepare a super water-absorbent PMDP-containing NIPA (NIPA-PMDP) gel working even in the presence of salts, similarly to the case of SDS 2) . The NIPA-PMDP gel, however, did not exhibit such super-absorbency for sodium chloride solutions. Instead, it surprisingly showed rapid volume change when compared with conventional NIPA gels above its phase transition temperature (ca. 34 ). Interestingly, the phase transition temperature of the NIPA-PMDP gel was the same as that of the NIPA gel, which was very much different from the case of SDS 2) . A concentration gradient of PMDP inside the NIPA-PMDP gel can be obtained by applying an electric field on the gel, i.e., 10 V for 2 h between both ends of the cylindrical gel 12) , similarly to the gel electrophoretic technique. The PMDP-gradient NIPA-PMDP gel clearly demonstrated the prevention of skin formation and the acceleration of phase transition rate of the NIPA gel by PMDP which formed micelles and did not escape from the gel system 12) . Recently NIPA gel containing a polymerized nonionic bilayer membrane system was reported to show super rapid volume change during phase transition 13) . The hybridized poly(n-dodecylglyceryl itaconate)-NIPA gel was suggested to form the domains of several tens of micrometer size in the gel. It was considered that the collective-diffusion-dominated phase transition can be greatly accelerated by numerous independent domains 13) . Noguchi et al. also designed NIPA gel chains grafted by a polymeric surfactant which is suggested to accelerate shrinkage of the networks by micellization of the grafted surfactant 14) . Indeed our previous results clearly demonstrated the PMDP-induced enhancement of the response dynamics for the polymeric network of NIPA gels 12, [15] [16] [17] . The mechanism of the enhancement by the polymeric surfactants PMDP, however, has not yet been clear in a micellar and gel-network levels. The effect of surfactant on the gel networks is often explained based on the micellization behavior of surfactants 10, 11) . A similar micellization behavior of PMDP should be made clear in order to explain the NIPA-PMDP gel system. Although Sinha and Medallia studied micellization of poly-soap solutions and pointed out zero cmc of the soap solutions 18) , enough knowledge on the polymeric surfactant was not available so far.
Herein we report the investigations on the NIPA-PMDP gel system in order to clarify the mechanism based on the measurements of dye-solubilization and propose a possible mechanism for the rapid volume change of the NIPA-PMDP gel.
EXPERIMENTAL

1
The PMDP was synthesized from MDP which was synthesized according to a previous report ( ) 19) , as follows: 9.2 g of MDP and 0.2 g of ammonium persulphate (APS) were dissolved in 397 g of deionized water at 25 . The solution was degassed by N 2 gas bubbling and polymerized by adding 240 ml of tetramethylethylenediamine (TEMED) for 1 h. The resulting precipitate (PMDP) was isolated using filtration, washed with pure water, and dried under vacuum at 60 overnight. The NIPA-based gels were synthesized by a free-radical polymerization 12) as follows: 0.044 g of PMDP, 0.87 g of NIPA, 0.014 g of N, Nmethylenebisacrylamide (MBA), and 0.013 g of APS were dissolved in 8.5 g of deionized water. The solution was adjusted to pH 6 using 0.93 g of 0.1 M NaOH solution, then degassed and polymerized at 4 by the addition of 24 ml of TEMED. The resulting NIPA-PMDP gels were repeatedly washed by immersion in pure water for several days.
2
The cmc measurements were carried out as follows: The designed amount of MDP or PMPD was dissolved in deionized water. Small amount of Yellow AB was added in the solution containing the micelles of MDP or PMDP, and kept in water-bath at 30 for 24 h. The solution after filtration was used for UV-Vis spectroscopic measurements. Amount of Yellow AB dissolved in the micelles was calculated from absorbance at wavelength of 450 nm coupled with calibration. On the other hand, MDP or PMDP solution of 0.41 wt% (13 mmol dm -3 ) was kept in water-bath at designed temperature for 1 h. The solution was used for the measurements of the temperature dependence.
RESULTS AND DISCUSSION
1
The NIPA gels were synthesized by free-radical polymerization in the presence of PMDP which was readily prepared from 2-(methacryloyloxyl)decylphosphate by freeradical polymerization at ca. 25 12) . To determine the phase transition temperature of the gels, V/V c was measured, in which V and V c are the gel volumes at the target and at the highest temperatures in the experimental measurements, respectively. The shrinking kinetics of the gels was determined by measuring DV% at 43 as a function of time, in which DV% = (V i -V t ) / V i 100% (V i and V t are the volumes at the initial and the target time, respectively). The NIPA-PMDP gel showed significantly rapid volume change (DV%) than that of NIPA gel in the measurements of the time-dependent volume changes (DV%) of NIPA-PMDP and NIPA gels at 43 , as shown in 12) . The NIPA-PMDP gel showed DV% of 88% within 30 min, and subsequently collapsed within 120 min; in contrast, the NIPA gel showed only 24% within 30 min, and did not attain the completely collapsed state within the experimental time 12) . The DV% values of the NIPA-PMDP gel were reproducible and reversible. The NIPA-PMDP gel collapsed to 88% at 43 in 30 min, and swelled back to the initial vol-ume at 20 within 30 min. No leak of PMDP molecule from the NIPA-PMDP gel system was observed even after repeated reversible volume changes 12) . Furthermore, the NIPA-PMDP gel remained almost transparent, even after the large volume change in short time, whereas the NIPA gel turned completely turbid. Unlike the conventional NIPA gel, no skin was formed on the surface of the NIPA-PMDP gel, which could accelerate the phase transition in the NIPA-PMDP system. To verify the effects of polymer surfactant PMDP on the prevention of the skin formation and the acceleration of the phase transition rate of the NIPA gel, a cylindrical sample of PMDP-gradient NIPA-PMDP gel ( ) was utilized for the phase transition experiments 12) . The result indicates that PMDP forms micelles inside the NIPA gel network 12, 16, 17) . It was, however, unclear how the micelles of PMDP prevent the skin formation. Therefore, it is important to understand the micellization of the polymeric surfactant in the NIPA-PMDP gel system.
2
Micellization of the PMDP and MDP was investigated by dye-solubilization experiment and ultraviolet-visible spectroscopic measurements at the wavelength of 450 nm. Yellow AB (absorption maximum at 450 nm in visible spectrum) was chosen as an oil-soluble dye which is insoluble in water but soluble in hydrophobic moiety of micelles.
(filled circle) shows the solubilization behavior of the PMDP as the function of concentration. The absorbance of the Yellow AB, i.e., the solubilized amount of Yellow AB increased exponentially with increasing concentration from zero, resulting in zero cmc. On the other hand, the corresponding monomer MDP showed well-known solubilization behavior with clear cmc at 8 mM which is normal value among common surfactant like sodium dedocyl sulfate (SDS), as shown in (open circle). As mentioned above, Sinha and Medallia systematically investigated socalled poly-soaps, poly(potassium styryl-styrylundecanoate) (Poly-K-SSU) by solubilization of p-diethylaminoazobenzene (DMAB) 18) . The poly-K-SSUs showed zero cmc, i.e., the linear increase in amount of solubilized DMAB with the surfactant concentration. They considered that the zero cmc resulted from the molecular structure since each poly-soap molecule can form micelle 18) . In our case of PMDP, however, the amount of solubilized dye increased exponentially with the concentration of the surfactant ( (filled circle)), while the cmc is near zero similarly to the poly-K-SSU. It may be possible that some intra-molecular micelles with loose hydrophobic cores are dominant at lower concentration of the surfactant, but the hydrophobic cores gradually become compact at higher concentrations.
(filled circle) showed temperature dependence of the amount of Yellow AB solubilized in PMDP micelles, indicating that the solubilization of the dye drastically decreased with increasing temperature. The MDP micelles, however, did not show marked decrease as the temperature was elevated, as shown in (open circle). The hydrophobic cores of the intra-molecular micelles of PMDP may get looser because of the conformation change of the polymer chains at higher temperature, while MDP micelles may not be sensitive to the temperature like the common low-molecular-weight ionic surfactants. The charged NIPA chains may allow water escaping from inside of the gel during the phase transition, resulting in avoidance of "skin"-formation and then rapid collapse.
CONCLUSION
Thermo-responsive poly(N-isopropylacrylamide) (NIPA) gel containing a polymeric surfactant poly(2-(methacryloyloxyl)-decylphosphate) (PMDP) which shows rapid volume change above phase transition temperature at ca. 34 . Based on the dye-solubilization measurements, it was suggested that some intra-molecular micelles of the polymeric surfactant PMDP inside NIPA gel-network. It is concluded that the intra-molecular micelles of polymeric surfactant involving NIPA chains may play crucial role in the rapid collapse of the NIPA-PMDP gel at the phase transition temperature, resulting in rapid collapse without "skin"-formation. 
ACKNOWLEDGEMENT
